We summarize the written history of earthquakes in Afghanistan from 734 AD to the present in the form of a new catalog of more than 1300 earthquakes, and narrative accounts of damage sustained during 47 of the more significant events (see electronic supplement). Afghanistan is among those regions where written records of historical earthquakes are sparse, and where contemporary publications provide circumstantial, telegraphic and occasionally misleading information. Early annals of the region from travelers' accounts and the narratives of explorers contain macroseismic information that is often of more utility than is available in records from the last half-century. Even in the 19th and early 20th century, communications have remained poor due to the skeletal development of roads, phone lines and government infrastructures, resulting in few published notices about earthquake locations and damage. Newspapers were unavailable until the first quarter of the 20th century and contain news mostly from the Kabul area. For earthquakes before 1900 we estimate a surface-wave magnitude based on felt area and perceived intensity of damage, and for recent earthquakes we establish a relation between surface wave magnitude and seismic moment. Using this relation we assign moment-magnitudes to earthquakes throughout the entire catalog, thereby permitting estimates of cumulative-moment released throughout the past 1200 years. The early catalog is incomplete particularly in the SE and SW margins of Afghanistan, yet in most regions it has value in forming a basis for evaluating seismic hazards in the region. We recognize regions that are currently seismically quiet but where earthquakes have occurred historically, and aseismic regions elsewhere where the historical record is probably complete, but where earthquakes may be anticipated from their tectonic setting. Afghanistan's boundaries with the Lut Block in the west, and with the Indian Plate in the east, are defined by earthquakes with magnitudes
INTRODUCTION
Earthquakes in Afghanistan, particularly the earlier ones, have been assigned by different authors widely different locations, magnitudes and depths. The indiscriminate use of data from these works results in considerable differences in estimates of regional moment rates and location. Our intention in this article is to re-assess the historic seismic record from the time of the earliest known Afghan earthquakes in the 8 th century, to the present time. The study area is defined by the coordinates 29° to 38°N latitude and 58° to 73°E longitude (Figure1), and includes the whole of Afghanistan, the eastern part of Iran, southernmost Turkmenistan, Uzbekistan and Tajikistan, western Baluchistan and north-western Pakistan.
TECTONIC SETTING
Afghanistan lies on the southern fringe of the Eurasian plate, subject to collision with the Arabian Plate to the south and transpression with the Indian plate to the south-east at rates of approximately 30 mm/yr and 40 mm/yr respectively. These rates are based on plate velocities averaged for the past few million years (De Mets et al., 1990) unconstrained by local geodetic measurement. Revised estimates of the Arabia-Eurasia convergence rate based on recent GPS data suggests that the Arabia's collision rate with Eurasia may have reduced to 22 mm/yr , with some fraction of this convergence rate being expressed on Afghanistan's western border with Iran in the form of dextral shear. Left lateral slip along India's border with Asia through Baluchistan and Afghanistan is approximately 29.5 mm/yr based on three GPS tracking sites in central and southern India . It is uncertain whether the Sistan Block of southern Afghanistan is mechanically part of the Eurasian plate because minor shortening may be occurring across the mountains of northern Afghanistan. A single GPS measurement on the eastern edge of the Sistan Block indicates that this shortening is small (D. Hatzfeld, personal communication, 2002) . Finally, Stein et al, (2002) have suggested that part of Sind province may be moving southward towards the Indian plate at a few mm/yr as a result of stresses near the Makran Triple junction. This would have the effect of further reducing the sinestral slip rate in Baluchistan and SE Afghanistan.
Earthquakes with sub-crustal focal depths (>100 km) are associated with subduction of oceanic crust occurring today in the Makran in the south, and with a descending slab beneath the Hindu Kush in the north (Pegler and Das, 1998) . Elsewhere, seismicity is restricted to the upper 30 km of the continental crust and the lower crust is generally aseismic (Maggi et al 2000a,b) .
Seismicity in the region is not distributed uniformly. Within the wide deforming belt are several large areas, such as western and central Afghanistan, that appear to have relatively little seismicity during the 20th century and to behave as effectively rigid blocks, Figure 4 .
Eastern Iran is dominated by two belts of N-S right-lateral strike-slip faulting following the east (Sistan) and west (Nayband-Gowk) sides of the relatively aseismic Dasht-e-Lut block. Both belts contain long strike-slip faults but also exhibit components of shortening and reverse faulting. These belts accommodate N-S right-lateral shear and some shortening between central Iran and western Afghanistan.
The northern end of the eastern Sistan belt ends abruptly against a system of E-W left-lateral faults in Khorassan, which includes the Dasht-e-Bayaz fault system that ruptured in 1968 and 1979 . and the Doruneh fault. These E-W faults contribute to the N-S shear by rotating clockwise as they move (Jackson et al.,1995) . Farther north, the seismicity of eastern Iran merges with that of the Kopeh Dagh and eastern Alborz, both of which are dominated by thrust and reverse faults with some strike slip .
To the south of the region covered by this study, between 57° and 67° E, the Makran coast is a subduction zone, with the Arabian sea floor subducting at a shallow angle to the north. Unusual aspects of this subduction zone are the 300-km-wide accretion prism of sediments scraped off the Arabian sea floor to form the E-W ranges of the Makran and the near absence of bathymetric expression of a trench (White, 1982) . The subduction results in a volcanic arc expressed as an ENE trending range in the southern Sistan Block, where several deep focus earthquakes have been recorded.
Near 60° E the N/S ranges of Sistan merge with the E/W ranges of the Makran, which for 500 km eastward are subject to the full convergence rate between the Arabian Plate and the Eurasian promontory of western Afghanistan. Offshore from this coastline the slow-spreading Murray Ridge marks the transition from the Arabian to the Indian plate (Minshull et al., 1992) , and at 65° the seismicity again becomes intracontinental. For this reason the Makran coast at about 62°E has hitherto been regarded as an important transition in the Alpine-Himalayan belt (Molnar and Tapponnier 1975) separating the complexities of the Middle East from those of central Asia.
The region covered by this study includes the western edge of the India-Eurasia collision. From the Baluchistan coast at about 66°E the seismicity trends northward in a zone of predominantly left-lateral strike slip, with a component of convergence increasing northward (Bernard et al 2000) . This zone includes the major Ornach-Nal, Ghazaband and Chaman strikeslip faults, which continue the left-lateral motion as far north as Kabul, where it joins the Herat Fault, and ultimately the Hindu Kush and Pamir Ranges. The Chaman fault itself may accommodate as much as 19-24 mm/yr of strike-slip motion (Lawrence et al 1992) . At latitude 29°-30°N slip is partitioned into strike-slip and convergent components separated by approximately 100 km (Ambraseys and Bilham, 2003) . East of Quetta a zone of E-W folds and thrusts in the Zhob and Loralai ranges form a bulge into the Indus plain, joining with the N-S Sulaiman ranges in the east along the Afghan-Pakistan border.
The northern part of the study region includes part of the compressional Tadjik basin, overridden by the Hindu Kush to the south and the Pamir to the north (Burtman and Molnar 1993) , and touches on the western end of the Hindu Kush deep seismic zone. Many earthquakes in the depth range 70 to 300 km occur in this region, forming a contorted slab dipping steeply north in the Hindu Kush and steeply south in the Pamir (Pegler and Das 1998) . This presumably represents a relict ocean basin consumed by subduction within the last 10-15 Ma.
HISTORIC MACROSEISMIC DATA
For the early period our main sources of macroseismic information are Persian documents, while for the later period, British and French consular reports are available that occasionally refer to earthquakes outside the Kabul region. Figure 3 and 4 illustrates the location of historic earthquakes in different regions of Afghanistan. Numerous shocks have been reported from the capital, Kabul, but although these events have caused general alarm they are typically associated with little damage [Furon 1925a ]. A few documents written by European residents in the capital [Niedermayer 1936; Stenz 1945] , and expedition reports [Danby et al., 1972] add minor additional data, and demonstrate the difficulty of retrieving reliable macroseismic information outside Kabul. An important source of data in the 20 th century is the little-known work by Heuckroth and Karim (1970) , who retrieved reports from the Kabul press for the period 1928 to 1969. Secondary publications and catalogs are available that contain no important new data, viz. Samizay (1998), NEIS Catalogue of Significant Earthquakes, and the U. S. National Earthquake Information Center's Earthquake Database. The GSHAP catalog, in particular, is uncritical and occasionally misleading (http://seismo.ethz.ch/GSHAP/index.html).
An annotated summary of case histories for shallow earthquakes in Afghanistan is listed in Appendix A, together with the more important sources from which these data have been derived. Notices of felt earthquakes at single locations, such as in Kabul, Herat and at a few other urban centers are numerous but as they add little information to the overall seismicity of the region they have been excluded.
It is clear from the limited number of events described in the appendix that the historic record for Afghanistan is far from complete. In contrast, macroseismic information for contiguous surrounding regions is more complete. Historic earthquakes in Pakistan, Tadjikistan, Uzbekistan, Turkmenistan are described in Kondorskaya and Shebalin (1997) , earthquakes in eastern Iran are described in Ambraseys and Melville (1982) and Moinfar et al. (1994) , and earthquakes in Baluchistan are described by Ambraseys and Bilham (2003) . Data discussed in these sources are not repeated in the present article.
RECENT INSTRUMENTAL DATA
Instrumental data are available from station bulletins world-wide since the end of the 19 th century, particularly from Russian and Indian stations, that are useful for the assessment of magnitude before the advent of the magnitude scale in the mid-1950s. Earthquake locations of diverse quality are given by various agencies and authors: BAAS, ISS, ISC, (See abbreviation list in References) by the Russian network and by Gutenberg and Richter (1965) . Some events in the region have been relocated by Nowroozi (1971), Quittmeyer & Jacob (1979) and Engdahl et al (1998) .
Epicentral location and Depth. Early instrumental epicenters in Afghanistan, like elsewhere, are unreliable and are frequently based on a poor distribution of global seismic stations. For this reason it is important to correlate early epicentral determinations with felt reports where these are available. A special difficulty attends this type of epicentral verification, especially in northwestern Afghanistan where earthquakes occur in both the crust at shallow depths and at subcrustal depths (>70 km). Shallow earthquakes cause heavy local damage and loss of life, but if they occur in a remote part of the country they may fail to be reported. In contrast, large deep earthquakes that cause little or no damage are felt over a large area, and are therefore reported from multiple urban centers. This may have the effect of skewing the perceived location of instrumentally-determined earthquakes toward populated areas, and almost certainly will bias the historic record. Thus, deep events are unlikely to have escaped notice historically, but shallow earthquakes will be recorded only when they occurred near trade routes and literate population centers.
The case of the recent pair of earthquakes of 3 and 25 March 2002 in the Hindu Kush is illustrative of the problem. The first of these damaging events occurred at a depth of 250 km with a magnitude of 7.4, and the second occurred at a depth of less than 10 km with a magnitude of 6.1. The deeper and much larger event was felt over a large area, and caused widespread but relatively minor damage, including about 150 fatalities. In contrast the second, shallow shock, 120 km south-west of the first, caused great damage within a relatively small area, killing about 1200 people, but it was felt within a radius of only 200 km. If this pair of earthquakes had occurred in the pre-instrumental period it is very likely that their effects could have been conflated into a single event of large epicentral intensity and large radius of perceptibility, to which one could assign a shallow depth and a large magnitude.
Magnitude. Few earthquakes before the mid-1970s have hitherto been assigned a surface wave magnitude. Gutenberg and Richter (1965) , Abe (1981) , and Abe and Noguchi (1983a, b) have calculated Ms or m b values for fewer than 8% of the 147 post-1892 instrumentally recorded events discussed in this article.
Our study commenced by reviewing each event in the parametric catalogs described above to remove double entries, obvious errors and spurious events. For 1410 remaining events we merged a large body of macroseismic information derived from diverse primary sources, both published and unpublished.
Early earthquakes are far less well located and it is often difficult to ascertain even their true epicentral area, although for most of them there is little ambiguity about their general location. While it is certain that many small to medium magnitude events are absent in the record, it can reasonably be assumed that those few for which damage details survive were important events.
Epicentral Locations. The final dataset consists of 1312 shallow earthquakes of all magnitudes, 98 fewer than in recent parametric catalogs. Discarded entries include spurious events, repeated entries, field explosions in Uzbekistan, and underground detonations in Turkmenistan in the 1960s and 1970s. Macroseismic epicentral locations before the 1970s, if well defined, were selected in preference to instrumental epicentral locations, and constitute 12% of the total number of entries. Otherwise instrumental locations and focal depths were adopted, in a descending order of preference, 9% from Engdahl et al (1998) , for well determined earthquakes (DEQ); and 6% from Quittmeyer & Jacob (1979) after checking. Locations in northern Afghanistan reported by the Russian network (15%) and by ISC were also used (48%), while a number of events before 1966 of particular interest were relocated in this study using the ISC procedure (4%). Fewer than 4% of the entries in the dataset were adopted from Nowroozi (1971), BCIS and USGS.
Ms magnitude estimates. For all the earthquakes identified in the region after 1896 we examined station bulletins for associated surface-wave readings of amplitudes and periods, and for events where such data were found, surface wave magnitudes were calculated from the Prague formula (Willmore, 1979) without restricting its validity to the arbitrary chosen narrow period and distance range employed by NEIS and ISC.
The calculation of station magnitudes with station corrections required the compilation of a magnitude database that required extracting about 9,000 surface wave amplitude/period readings from station bulletins, which were then used to estimate M S event values for 545 earthquakes.
Mw seismic-moment estimates. Having calculated M S for the most important events of the last century we proceeded to assess semi-empirically their moment magnitude, M W . Seismic moments Mo of earthquakes after 1977 were taken from the Harvard Moment Tensor Solution Catalog (CMT). To these we added a few seismic moments for post-1969 events that were calculated from special studies of body-wave modeling.
First we considered the global average log(Mo)-M S relations of Ekström and Dziewonski (1988) . However, as these authors point out, there is regional bias in Mo and such global relationships may be inappropriate for the estimation of tectonic motion in continental regions. We therefore calculated a regional M S -log(Mo) relation which is based on the 94 M S -log(Mo) pairs from crustal events (h<40km), binned into units of 0.2 in M S and 0.2 in log Mo . . We used a bilinear relation with slope 1.0 at M S <6.2 and slope 1.5 at M S >6.2, for which there is theoretical justification (Ambraseys and Douglas, 2000) , and obtained with Mo in dyne-cm. These relations fit the data well ( Figure 5 ). In this figure the two small events (<4.5) that fall well above the fitted relation are probably subcrustal events whose M S have not been corrected appropriately for depth. The data fit equally the relation obtained above if the regression coefficients are determined from individual, rather than binned, data points. These relations differ little from (1.1 & 1.2) and for a given M S yield smaller Mo values than the global average relation of Ekström and Dziewonski (1988) by an average factor of 0.68 for M S ≤6.2, and by 0.62 for M S > 6.2.
A similar overestimation of Mo from global relations was found from a much larger number of data for the Eastern Mediterranean region, which confirms that in these areas global Ms-Mo relations yield Mo values that are too high while regional relations yield values closer to those calculated directly (Ambraseys 2001) . From the derived Ms to Mo relations (1.1 & 1.2) we estimated seismic moments for those events for which only Ms was previously available.
Parametric catalogs. Table 1 lists all 52 earthquakes before 1891 for which we could find information from contemporary sources. Table 2 presents a list of 148 shallow Ms ≥ 5.5 earthquakes from 1891 to 2002. Appendix 1 summarizes the macroseismic effects of the more important earthquakes in these tables. For shocks in surrounding countries this information is given in the publications quoted. Table 4 presents a list of 1313 earthquakes from earliest times to the present and is provided as an electronic supplement.
DISCUSSION
Most pre-19th century earthquakes were reported along trade routes (Figure 2 ) that have remained unchanged since pre-Hellenistic times, governed as they are by the physiography of Afghanistan and the availability of fresh water. This, and the propensity for established and persistent settlements to develop along and at the confluence of trade routes, brings with it the danger that the surviving historic record provides a somewhat biased geographic view of Afghanistan seismicity. Yet the absence of recent earthquakes in the large desert depressions of Afghanistan suggests that these regions are empty of both roads and earthquakes. The one exception to this observation is the cluster of the deep subduction earthquakes beneath the sparsely populated Chagai Mountains along the southern border of Afghanistan with Baluchistan (see front cover).
Deformation along the eastern and western margins of Afghanistan is highlighted by seismicity throughout historic and recent time (Figures 3-4 ). Afghanistan appears to be a promontory of the Eurasian plate penetrating southward between Iran and India, with relatively minor seismic evidence for significant convergence in the northern Afghan mountains, as suggested by recent GPS data from SW of Farah. The total cumulative seismic moment release in the entire catalog (1.6x10 28 dyne cm) is roughly 50% higher in eastern Afghanistan than in western Afghanistan (1.1x10 28 dyne cm). If the Hindu Kush and Kopeh Dag regions north of 35°N are ignored (thereby removing the contribution from thrust and deep earthquakes from the summation), the rates are comparable (≈8x10 27 dyne cm). Despite this similarity, the seismic record is considered too incomplete to estimate a meaningful slip rate on Afghanistan's eastern and western borders. Notwithstanding these difficulties we provide slip-rate estimates for the Afghan/Iran boundary for which we have a 1200 year history of events. We sum the cumulative seismic moment release for this 900-km-long western boundary, increasing it by 25% to account for the contribution from earthquakes less than Ms=5.5 (Ambraseys & Sarma, 1999) , and assuming a seismogenic thickness of 20 km and a rigidity modulus of 3x10 11 dyne-cm 2 . Slip rates from the earliest times to 1700 show a surprisingly uniform slip rate of approximately 3 mm/year, with rates in the past two centuries doubling to approximately 6 mm/yr (Figure 6 ). In Table 3 we show the different rates associated with different latitudinal segments of the plate boundary.
The dextral shear rate between Arabia and Asia near the eastern Afghan border is estimated to be 38 mm/yr from the NUVEL-1A plate motion model (DeMets et al, 1990 ), but 22 mm/yr from the more recent REVEL GPS-based plate motion model . The inferred 22 mm/yr rate is reduced by ≈10mm/yr convergence across the Zagros mountains (Tatar et al., 2002) , and the remainder is partitioned between faults east and west of the Lut block. With at least 2 mm/yr to the west of the Lut Block (Jackson et al., 1998; Berberian et al, 1999 ) the inferred dextral shear rate between Afghanistan and Iran reduces to ≈10 mm/yr. Our cumulative-moment release estimates (3-6 mm/yr) for slip velocity are thus smaller than estimated plate-closure vector rates. One reason for this is that our scalar summation fails to account for the contribution to dextral slip from block rotation within the boundary between Afghanistan and Iran. North of 34°N the western edge of Afghanistan changes in character, from a series of dextral strike slip faults approximately parallel to the slip vector, to a sequence of roughly east-west sinistral faults separating blocks whose rotation contributes to dextral slip. The shear displacement accommodated by block rotation is proportional to the aspect ratio of the blocks (Figure 7) . Assuming fault lengths of ≈100 km (the approximate width of the zone of faulting in Figure 2 ) and an uniform north-south separation of these faults 30-50 km, the plate boundary slip rate accommodated by block rotation would be 2-3 times higher than the slip rate on the block bounding faults. The spacing of E/W faults north of 34°N does not resemble the simple view depicted in Figure 6 , and fault lengths and spacing can be chosen to give arbitrarily small or large aspect ratios (e.g. 2-4). Summations of moment release south and north of 34°N reveals mean slip rates (1200 year average) of 1.6 mm/yr and 7 mm/yr respectively. Hence the northern part of the zone could have accommodated up to 7-21 mm/yr in the past 800 years, consistent with REVEL inferred velocities.
In contrast, our estimate of slip rate south of 34°N is considerably lower than inferred rates, suggesting that the historical record is incomplete in this geographical region, a conclusion reached also by Walker and Jackson (2001) . The moment deficit corresponds to several M>7 earthquakes.
The historic record in eastern Afghanistan within the Chaman fault system on Afghanistan's eastern boundary with the Indian plate is much sparser than in western Afghanistan with merely three events in the period 800-1800 (Figure 3) . Moreover, different plate boundary processes prevail. An example of strain partitioning occurred in the 1930's (Ambraseys and Bilham, 2003) . The Mach 1931 (Ms=7.3) earthquake absorbed approximately 1 m of east-west convergence, followed in 1935 by the Quetta (Ms=7.7) earthquake with more than 3 m of inferred sinistral slip. Distributed seismicity in the 400-km-wide Sulaiman lobe of western Pakistan represents significant shallow thrusting in this region, that also does not contribute directly to plate boundary slip. A scalar summation of moment release along this eastern boundary thus results in a misleading estimate of plate boundary slip rates along Afghanistan's eastern boundary.
Silent both in the historic record and in the record of recent seismicity is a 300-400 km segment of the Chaman fault system on the Afghan/Baluchistan border between 31° and 33.5°N. The absence of historic earthquakes here, with the exception of the 1892 M=6.8 Chaman earthquake at the southern end of this segment, may represent a gap in the historic record, but it is unlikely that events since 1890 are missing. The locations of the 1857 Kandahar, and the 1505 and 1891 Kabul earthquakes appear to be too far from the plate boundary to represent activity on the Chaman fault. The plate boundary velocity at this location is estimated to be 2-4 cm/yr suggesting that M>7 events could occur at <200 year intervals.
The historical record reveals damaging events along the northern mountains fronting the Turam depression and in Turkmenistan. This suggests that some convergence is occurring between Asia and the Sistan block. The absence of recent earthquakes in the western half of this region and their occurrence intermittently in the past 1200 years suggests that future earthquakes may not be unexpected in this region (Figures 3 & 4) . Recent earthquakes along this zone have occurred with decreasing frequency and magnitude towards the west suggesting that convergence between the Sistan block and Asia may result in minor counter-clockwise rotation of the Sistan block relative to Asia. This would have the effect of reducing both the left-lateral slip rate and the convergence rate on the Chaman transform fault system. Slip on the Herat fault would have little effect in absorbing north-south convergence, perhaps explaining why it appears largely aseismic both historically and during the instrumental period. Earthquakes in the historical record near Herat and Kabul could indicate that the fault is intermittently active, but these earthquakes could also have occurred on nearby faults.
CONCLUSIONS
The historical record in Afghanistan over the past 1200 years delineates a tectonic view of the country ploughing southward into the Arabian and Indian plates as a promontory of the Eurasian plate. Both its western margin with Iran, and its eastern boundary with Baluchistan, have a long history of damaging earthquakes, with the exception a ≈300 km segment of the Chaman fault system. This segment represents a real seismic gap in left-lateral seismic moment release in the past century, and a possible gap in historical knowledge in earlier centuries, since no evidence for creep on the faults in the region between 31°N and 33°N has been reported. We note that a large earthquake on the northern Chaman fault would result in significant damage in the Kabul region.
Deep earthquakes are associated with subduction of the Arabian plate beneath the Makran coast along its southern border, and a descending slab beneath NE Afghanistan. Because of incomplete spatial reporting, these deep earthquakes are difficult to distinguish in the historical record from shallow earthquakes that occur at similar times. This may have the effect of biasing upward the estimated magnitude of an earthquake sequence if unwittingly assessed as a single event. A pair of earthquakes in March 2002 provide a recent example of such a sequence -the 4 March M=7.2 earthquake at >150 km depth causing widespread low intensity damage, followed on 25-27 March by a sequence of shallow Ms≤6 earthquakes with severe surface intensities.
The greater part of the interior of Afghanistan is seismically inactive, but the more heavily populated north and east experience significant seismicity. In particular, north-eastern Afghanistan, near and north of the capital, Kabul, has a long history of damaging deep and shallow earthquakes. Historic earthquakes along the north-facing frontal ranges in western Afghanistan have no recent instrumental counterparts suggesting that infrequent future damaging earthquakes will recur in this region.
We apply a regional bi-linear relation between Ms and Mw derived from recent earthquakes to the entire catalog of earthquakes for which we have obtained estimates of surface wave magnitude, and sum scalar moment release throughout the past 1200 years. Only for western Afghanistan is the catalog sufficiently complete to form general conclusions about the relative regional velocities implied by seismic activity. The inferred dextral slip rate of Afghanistan with Iran (3-6 mm/yr) is consistent with the dextral shear inferred indirectly from GPS measurements (≈10 mm/yr) when the contribution from block rotation north of 34° is taken into account. South of 34°N, and for much of Afghanistan's boundary with Pakistan and Baluchistan, the cumulative seismic moment is significantly less than that inferred from plate motions.
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